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1. Introduction
Overview
A Model-Based Enterprise (MBE) is "an integrated and collaborative environment, founded on 3D product definition shared across the enterprise, enabling rapid, seamless, and affordable deployment of products from concept to disposal," (Model Based Enterprise, 2014) . When an organization operates under an MBE, their divisions, branches, etc. operate under a single source of truth: the product model. The model could be an annotated computer-aided design (CAD) model or a model-based systems model defined in SysML. Regardless of the model's form, an organization operating under these conditions could eliminate the inefficiencies and opportunities for errors of recreating domainspecific or "silo-ed" drawings. A study showed that a MBE approach results potentially in a 75% average reduction in cycle-time over a drawing-based approach (Hedberg Jr, Lubell, Fischer, Maggiano, & Barnard Feeney, 2016) . In addition to bringing products to market quicker and cheaper, an additional benefit of MBE is the ability to potentially reduce the cost of supporting and maintaining the product throughout its life (Model Based Enterprise, 2014) Model-Based Enterprise is an integrated and collaborative environment, founded on 3D product definition shared across the enterprise, enabling rapid, seamless, and affordable deployment of products from concept to disposal. (Model Based Enterprise, 2014) The National Institute of Standards and Technology (NIST) held a "Model-Based Enterprise Summit" from April 12 -14, 2016. The goal of the summit was to identify challenges, research, implementation issues, and lessons learned in manufacturing and quality assurance where a digital threedimensional (3D) model of the product serves as the authoritative information source for all activities in the product's lifecycle. This 3D model is considered a model-based definition (MBD) and acts as
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Example of a model-based definition acting as the authoritative information source for all activities in the product's lifecycle. (Model Based Enterprise, 2014) a "digital thread 1 " of sorts to weave and link all the phases of the product lifecycle together. The U.S. Department of Defense (DoD) and NIST developed a tool to help organizations assess whether they are ready for an MBE or smart manufacturing platform. The tool was named: "MBE Capability Index Assessment Tool." As part of the summit, NIST was also interested in collecting input specific to the MBE Capability Index Assessment Tool and the consideration for developing a guidebook for the tool.
Workshop Scope and Objectives
NIST hosted the Measurement Science for Model-Based-Enterprise Capabilities Workshop on April 15, 2016 to better assess the MBE Capability Index and gather input for a potential guidebook. The workshop brought together experts from industry, government, and academia to identify the barriers, needs, and recommendations for developing a MBE Capability Index Assessment Tool guidebook. The purpose of the guidebook is to help an organization navigate and effectively use the MBE Assessment tool. This includes assessing MBE capabilities, interpreting assessment results, determining actions the organization could take, and outlining a minimum set of requirements to qualify as a model-based enterprise.
MBE Capability Index & Guidebook Workshop
Participants of the Measurement Science for Model-Based-Enterprise Capabilities Workshop (April 15, 2016) pose with the discussion storyboards. 1 The digital thread is a concept for linking all phase of the product lifecycle together using 3D model-based definitions. In a manufacturing context, all of the machines would use the same set of digital instructions, errors would be caught automatically, ensuring the end result matches the intended design. For more information on the digital thread visit: https://youtu.be/iGtM8VGLn5M.
Participants of the workshop convened on NIST's Gaithersburg campus to participate in a facilitated discussion. The discussions were organized into four sessions:
The first two sessions primarily focused on evaluating the MBE Capability Index, itself, while the latter two sessions addressed needs and recommendations for developing a guidebook for the index. Participants were asked to write their ideas for each session on cards, which were then pinned to a storyboard at the front of the room. Similar ideas were categorized under appropriate topics to keep the discussion outcomes organized and transparent. The results of this exercise for all sessions are captured in this report.
The MBE Capability Index tool is available for free download at:
https://github.com/usnistgov/DT4SM/tree/master/MBE-Capabilities-Assessment This publication is available free of charge from: http://dx.doi.org/10.6028/NIST.AMS.100-1
Review of Capabilities Index and Assessment
The workshop discussions began with a brainstorming session to get participants to think critically about the MBE Capability Index. Each participant was given an opportunity to share their ideas and engage fully in the discussion. The outcomes are summarized in the following sections.
Capability Index Suitability and Gaps
Subject-matter experts from the DoD and NIST brainstormed on focus areas prior to the workshop. The "Capability Index Suitability and Gaps" session included four guiding topic questions from the brainstorming:
1. Does the Capability Index meet your needs for measuring and assessing MBE capabilities and gaps in facilities? 2. Are the index capability goals appropriate, based on your experience? 3. Do you have suggestions for improving or revising the goals and baseline? 4. Has anyone developed their own assessment method using this index?
Suitability of Use
Discussions focused on the suitability and usability of the tool and mitigating factors such as clarity, complexity, terminology, definitions, etc. The tool was noted as suitable by the workshop participants for the following uses:
• Baselining current practices in MBE, i.e., a reference that an organization would built upon.
• Providing a consistent baseline that an organization would use to assess how capabilities have improved over a period of time.
• Starting point for focused discussions on MBE to help identify the current state of MBE in an organization.
While deemed suitable for use in some ways, and that the latest version is an improvement, a number of issues and challenges were identified. The main points that arose include the need for better defining terms; understanding, setting, and interpreting the different capability levels accurately; navigating the usability of the tool, given its complexity; and gaps in the existing framework of the tool. Table 2 -2 summarizes the discussions and some useful improvements. 
Suggested Improvements
• Detailed questions to make steps clearer • Survey questions to interview people (detail lacking)
• Meta model (to support well-defined relationships)
• Use fewer levels to reduce complexity • Definitions, instructions, and details to make it easier to use; you have to be knowledgeable to selfassess • Explanation/interpretation for scores -score can have shock value • More graphics and data visualization -especially when incorporating supply chain aspects
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MBE Goals
The goals discussion focused on the appropriateness of the goals as currently defined in the tool. Goals were deemed to be generally appropriate, but not customizable to individual situations. Some of the key issues and improvements identified are shown in Table 2 -2. 
Suggested Improvements
• Current commercially available tools cannot achieve level 6; would be good to use this to improve software • Write goals more as a capability • Goals are organization dependent, not definitive; a guide is needed for how a company should set their MBE goals • Could use another level to make comparisons between companies or facilities (although not the intended use) • Better ability for customization to specific facilities or business models
Current Experience with the MBE Capabilities Index
A number of organizations indicated they had used the tool and developed a methodology in their facility. Successful use cases included:
• Action Engineering -used the tool to develop an action plan for MBE; developed a tailored method • Honeywell -used the tool in its current state; created a management level chart to convey levels and issues • Mitutoyo America Corporation -As a supplier, used the tool in its current state • Sandia National Laboratory -Used for design, as internal document (Concept of Operations), and to generate roadmap and baseline; added product architecture • MBC360 LLC -Added detail and descriptions first to allow scoring by category Cases where issues arose in use or the tool proved insufficient included:
• The U.S. Navy Shipyards -found the tool was not detailed enough, and rows would need different dimensions; this facility's environment was too radically different to utilize the tool
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The applications discussion included the following topic questions:
1. How will you use a completed MBE assessment?
2. What knowledge do you expect to gain from a completed MBE assessment?
3. How will you apply the results of a completed assessment to help your facility achieve MBE?
4. Will you apply the results beyond internal use, for example, to customers and supply chains?
Results of the discussion are presented in the following sections.
Internal Uses for the MBE Capabilities Index
A number of useful applications were identified for the MBE Capabilities Index. In addition to bringing organizations up to MBE requirements, the tool could potentially be used to justify investments in MBE, communicate MBE considerations to management, enable organizations to measure progress toward MBE goals, and to assess the MBE capabilities of suppliers. Some improvements are needed to enable the more wide-ranging applications. Table 2 -3 summarizes the highlights of discussions. 
MBE Uses and Internal Application of Results

Program Management and Communications
• Communicating to management on MBE actions, goals, and investment requests 
MBE Uses and Internal Application of Results
Roadmapping / Implementation
• 
External Uses for MBE Capabilities Index
A few external uses were identified for the MBE Capabilities Assessment tool, primarily for the assessment of suppliers. These include:
• Supplier and partner readiness for MBE o Working directly with partners, going through the assessment and gaining agreement on levels and objectives o Using results for downstream partner alignment and assessment o Identifying where and how to improve the external supply chain o Identification of supplier capabilities during MBE pilot projects to optimize project activities o Benchmarking among similar manufacturers / suppliers o Assessing the ability of supply chain to accept 3D models o Supplier software selection • Communications -providing common terminology for discussions with suppliers; data exchange could be an issue.
• Benchmarking among similar manufacturers / suppliers, or outside organizations • Compliance with regulatory entities (e.g., UL, FAA) • Assessment to meet sponsor date or other requirements (e.g., government) • Sustainment, e.g., government purchase of spare parts, to sustain the product as far as possible
Guidance Needs and Requirements
The third session, titled "Guidance Needs and Requirements" encouraged a deep-dive to collect input for developing a guidebook for the MBE Capability Index. The facilitator introduced this session with three new guiding topic questions:
1. What kind of general guidance do you think will be most useful to you? 2. What further guidance is needed to enable effective use of the capability index? 3. Can you identify needed guidance requirements specific to Design, CM/DM Activities, Manufacturing Planning, Quality Requirements/Planning, and Enterprise Activities?
General Guidance Needs
Additional guidance is needed to effectively implement the MBE Capability Index as an assessment tool. A number of key areas were identified where guidance would be especially valuable. These include definitions, use cases and examples of best practices, how to best implement the assessment process, explanation and interpretation of levels, and how to effectively connect the assessment to MBE investments. A key consideration is how to tailor and apply the tool to various types of organizations. Highlights of discussions in each of these areas are provided in Table 3 -1Table 2-3. 
Next Steps, Advancing Levels
• Easy way to assess your baseline to incremental assessments along the way • How to proceed after gaps are identified, including prioritization of next steps • Next step guidance: steps to go from one level to another; identifying gaps, then creating milestones, project plans, tasks; how to build an actionable plan based on assessment outcomes • Examples of how to move up to the next level for each category • Guidance for selecting the appropriate future state level • Sample roadmaps and expected challenges to get from level to level (e.g., from 1.5 to 4.5 overall)
• Guidance on how to interpret the results (e.g., work toward reasonable goal) 
Recommendations
The guiding question for this session focused on pulling a final set of recommendations for developing an effective guidebook:
1. What overall recommendations do you have for developing a useful, effective Guidebook for assessment of MBE capabilities?
Recommendations were generated in two basic categories: 1) overall governance, format, and outreach for the guidebook, and 2) guidebook content. These are described in the following sections.
Recommendations for Governance, Format, and Outreach
Five overall recommendations were identified, as shown in Tables 4.1 -4.5. These illustrate the importance of collaboration among stakeholders in developing the guidebook; the need for oversight and governance in general; and the need for improvements to create an effective, customizable, and usable MBE Capabilities Assessment tool. Table 4 -6 summarizes the recommendations that relate to guidebook content. These combine many of the ideas expressed throughout the prior working sessions, but are not all-inclusive. 
